Superfluidity-liquid flow without friction-is familiar in helium. The first evidence for 'supersolidity', its analogue in quantum solids, came from torsional oscillator measurements 1,2 involving 4 He. At temperatures below 200 mK, the torsional oscillator frequencies increased, suggesting that some of the solid decoupled from the oscillator. This behaviour has been replicated by several groups 3-7 , but solid 4 He does not respond to pressure differences 8 , and persistent currents and other signatures of superflow have not been seen. Both experiments and theory 9-14 indicate that defects are involved; these should also affect the solid's mechanical behaviour. Here we report a measurement of the shear modulus of solid 4 He at low frequencies and strains. We observe large increases below 200 mK, with the same dependence on measurement amplitude, 3 He impurity concentration and annealing as the decoupling seen in the torsional oscillator experiments. We explain this unusual elastic behaviour in terms of a dislocation network that is pinned by 3 He at the lowest temperatures but becomes mobile above 100 mK. The frequency changes in the torsional oscillator experiments appear to be related to the motion of these dislocations, perhaps by disrupting a possible supersolid state.
Although the amount of helium that decouples in different torsional oscillators varies widely, the measurements have many common features. Decoupling occurs below about 200 mK, with a gradual onset accompanied by a dissipation peak at lower temperatures. It decreases at large oscillation amplitudes, which is interpreted in terms of a superflow critical velocity (v c < 10 mm s 21 ). The magnitude of the decoupling is frequency independent, although its onset shifts with frequency 7 . Its amplitude dependence appears to scale with velocity, but depends on the oscillation amplitude during cooling and is hysteretic. A crucial feature of the decoupling is its sensitivity to 3 He. Most measurements used commercial 4 He gas (with 3 He concentration x 3 < 0.3 p.p.m.), but experiments 15, 16 with isotopically almost pure 4 He (1 p.p.b. 3 He) show a sharper onset at a lower temperature, around 75 mK. Decoupling is usually larger in narrow annuli than in open cylinders 6 but begins at similar temperatures. Its magnitude also depends on how the solid helium was grown and annealed, indicating that defects are important. Most samples were grown at constant volume under 'blocked capillary' conditions-a procedure that involves substantial plastic deformation and is expected to produce a polycrystalline solid with many defects. Theoretical work also suggests that supersolidity does not occur in a perfect crystal 9, 10 , and that grain boundaries 11 , glassy regions 12 or dislocations 13, 14 are involved. Superflow associated with grain boundaries has been seen in solid 4 He coexisting with liquid 17 , but solidification at constant pressure (producing single crystals with fewer defects) still gives significant torsional oscillator decoupling 16 . A recently reported heat capacity peak 18 supports the existence of a new phase where decoupling occurs.
We have made a detailed study of the elastic properties of solid 4 He. This required a new method to measure the shear modulus m at extremely low frequencies and amplitudes, which proved crucial. Embedding piezoelectric transducers in the helium (see Supplementary Fig. 1 and Supplementary Methods) allowed us to measure m directly at strains as low as e 5 2.2 3 10 29 (stress s 5 0.03 Pa). This is two to three orders of magnitude lower than in previous torsional 19 , internal friction 20 and ultrasonic 21, 22 measurements. We measured m at frequencies down to 20 Hz, far lower than other experiments. We could also excite and detect acoustic modes of solid helium outside the gap between the transducers, in the surrounding volume. The first such resonance was near 8,000 Hz and had a quality factor Q < 2,000 at our lowest temperature.
Our essential result is the observation of a large anomalous increase in m with the same temperature dependence as the decoupling in torsional oscillators. We confirmed this effect by simultaneously measuring the frequency f r and dissipation 1/Q of an acoustic resonance in the cell. A comprehensive study of the anomaly's dependence on frequency, amplitude and 3 He concentration showed all the same features as the torsional oscillator decoupling, and provided new information about the effects of annealing and stressing the solid. This is, to our knowledge, the first clear observation of directly related phenomena in other properties of solid helium. Our measurements are consistent with the known behaviour of dislocations in solid helium, and lead to a picture of a dislocation network pinned at low temperatures by bound 3 He impurities. Above about 100 mK, 3 He atoms unbind and allow dislocations to move in response to stress, thus weakening the crystal. Figure 1 shows the temperature dependence of the shear modulus of hexagonal close-packed (h.c.p.) 4 The magnitude of the modulus increase, Dm, is similar (,8%) and is nearly independent of frequency, although the transition is sharper at low frequency. The pressure in the cell is constant within 0.2 mbar in this temperature range, which rules out local density changes (for example, freezing of small liquid regions) as the cause of the m increase, and implies that the bulk modulus does not have a similar anomaly. The upper curve shows a typical non-classical rotational inertia (NCRI) fraction from a torsional oscillator measurement 2 (at a frequency of 910 Hz). The temperature dependence (onset and shape) is essentially the same as that of the shear modulus anomaly. We observed variations in Dm of up to a factor of 2 (over a total of 8 samples), similar to the range of NCRI seen in a single torsional oscillator. Figure 2 shows m for the 33.3 bar sample at different strains (calculated from drive voltages). The anomaly Dm is independent of drive amplitude for strains up to 2.2 3 10 28 then begins to decrease. We observed almost identical behaviour at 200 Hz-the amplitude dependence began at the same drive level, indicating that it scales with stress or strain and not with velocity. The corresponding velocities (,50 nm s 21 for e 5 2.2 3 10 28 at 2,000 Hz) are much smaller than the critical velocity v c < 10 mm s 21 inferred from torsional oscillator measurements. However, the stress levels (0.3 Pa) are comparable to inertial stresses in torsional oscillators (for example, s t < 0.15 Pa at the highest velocity, 520 mm s 21 , in the torsional oscillator of ref.
2). The behaviour is reversible at temperatures above the anomaly and at low amplitudes. When a sample is cooled at high amplitude and the drive is then reduced at low temperature, m increases (as expected from Fig. 2 ). However, m does not decrease when the amplitude is then raised again. Similar hysteretic behaviour is seen in torsional oscillator decoupling 7 . Previous torsional measurements 19 at comparable strains (e 5 10 27 ) showed no change in m between 0.5 K and 17 mK, an apparent discrepancy with our results. Figure 3 shows the behaviour of the acoustic resonance near 8 kHz, for the same sample. Comparing the temperature dependence of the resonance frequency f r to that of the shear modulus m, it is clear that the two measurements probe the same elastic changes. The changes in f r are about half as large as for m; this is as expected, because f r varies with sound speed, that is, with the square root of elastic moduli. The corresponding dissipation 1/Q is largest near 150 mK, where f r is changing rapidly (the dissipation peak occurs at lower temperatures in most torsional oscillator measurements, but this may be due to their lower frequencies, 185-1,500 Hz). In a simple oscillator, the maximum dissipation D(1/Q) should equal the frequency shift Df r /f r , but in our case it is a factor of about 3 smaller. Similar differences in torsional oscillator measurements have been ascribed 23 to sample inhomogeneity.
A striking feature of torsional oscillator experiments is their sensitivity to 3 He. We grew samples from isotopically almost pure 4 He (1 p.p.b. 3 He-the same gas used in torsional oscillator measurements 15 ) and from gases with intermediate concentrations of 3 He made by mixing with commercial 4 He (0.3 p.p.m. 3 He). We compare their behaviour in Fig. 4 . Changes have been scaled by Dm at 18 mK to compare temperature dependences. The anomaly shifts to lower temperatures as the 3 He concentration decreases. We also show similarly scaled decoupling data from torsional oscillator experiments 2,16 on 1 p.p.b. and 0.3 p.p.m. 3 He samples: the onset temperatures and shapes of the curves agree very well (within the sample to sample variations in torsional oscillator measurements).
To understand the role of defects, we annealed the 33.3 bar sample at 160 mK below its melting point T m for 15 h. This reduced Dm from 9.8% to 7.7%, but it was the high-temperature behaviour that changed. The low-temperature values of m and f r were almost unaffected (for example, at 18 mK, f r increased by only 0.1%) and appear to reflect the intrinsic shear modulus, so the effect of annealing is to change m at higher temperatures. We also applied large acoustic stresses ($700 Pa) to the annealed crystal in an attempt to create additional defects. Again, the values of m and f r changed at high temperature but not at low temperature. Warming above ,0.6 K undoes these effects, indicating that defects introduced by stressing the crystal are only stable at low temperatures. Ultrasonic measurements 24 on b.c.c. and h.c.p. 3 He showed similar effects of large stresses.
The modulus changes we see are much larger than expected in defect-free crystals. Dislocations (one-dimensional defects created during crystal growth or deformation) can dramatically affect elastic properties and lead to unusual behaviour in quantum crystals 25 . They form three-dimensional networks, pinned where they intersect, and characterized by their density L (total length per unit volume), Burgers vector b, and length between intersections L N . They can also be pinned, less strongly, by impurities with the pinning length L P determined by the impurity concentration x, binding energy E B , and the temperature.
Dislocations move in response to stress, producing a strain 26 . At low frequencies this reduces the shear modulus by Dm/m 5 2CRLL 2 (see Supplementary Discussion) , where C is a constant (#0.5) that depends on the distribution of lengths, R is an orientation factor (,0.2) and L is the effective dislocation loop length. In annealed crystals with well-defined networks, LL N 2 is a geometric constant (for example, 3 for a cubic network), so dislocations can produce a frequency-independent reduction of the shear modulus as large as 30%. Impurities can immobilize dislocations and restore the crystal's intrinsic modulus. This pinning becomes important when L P is comparable to L N , which occurs at a temperature T P that decreases with impurity concentration: 21 , where k B is Boltzmann's constant and a is the interatomic spacing (,0.35 nm).
Our results are consistent with a picture of a network of dislocations pinned at low temperature by 3 He impurities, using dislocation parameters determined in earlier experiments on h.c.p. 4 He. Lowfrequency torsional measurements 19 on helium gave a 3 He binding energy E B /k B < 0.6 K and RLL 2 < 1. Ultrasonic measurements 21,22 on single crystals gave L N < 5 mm. Using these values, T P < 110 mK for x 3 5 0.3 p.p.m., decreasing to 54 mK for x 3 5 1 p.p.b., close to the temperatures where m increases. Large stresses can tear dislocations away from 3 He pinning sites and reduce the shear modulus 27 . The critical stress for this breakaway can be estimated 27 as 4 Pa for L P < 5 mm. This corresponds to e < 3 3 10 27 , a strain where we see strong amplitude dependence. Annealing should reduce the dislocation density L (and large stresses can increase L), but Dm depends on the combination LL 2 , which does not necessarily decrease when dislocations disappear. The low-temperature behaviour is unaffected by annealing or stressing; this is as expected because dislocations are then pinned by impurities and do not affect m. When the temperature is raised, 3 He impurities 'boil off' the dislocations, allowing them to move and reducing m.
Is our shear modulus anomaly directly related to the frequency shifts and dissipation in torsional oscillator experiments? Although they measure very different properties (shear modulus and sound speed versus moment of inertia and density), the two sets of measurements share all essential features. The anomalous behaviour has the same temperature dependence and the transitions are accompanied by similar dissipation peaks. Both are strongly amplitude dependent (starting at comparable stress levels) and have similar amplitude-dependent hysteresis at low temperatures. In both types of measurements, the anomaly's magnitude is frequency independent, but its onset is broadened and shifts to higher temperature with increasing frequency. Minute 3 He concentrations have the same dramatic effect on the onset temperature, and annealing changes the size of both anomalies. Given these remarkable similarities, the two sets of effects must be closely related. The obvious question is 'how?'
One possibility is that the modulus increase stiffens the torsional oscillator, increasing its frequency and mimicking mass decoupling. Interpreting a torsional oscillator frequency as a direct measure of mass assumes that the oscillator head is infinitely stiff and that the solid helium moves rigidly with its walls, neither of which is exactly true. However, an increase in the helium's shear modulus would improve its coupling to the torsional oscillator and thus decrease its frequency (that is, the opposite of the observed behaviour). An increase in m could raise an oscillator's frequency by increasing the stiffness of its head. However, the head itself is much stiffer than the torsion rod and the helium's contribution to the head's stiffness is small (it has moduli about 3,000 times smaller than copper), so modulus changes in the helium should produce very small frequency changes. Estimates for typical oscillators indicate that this effect is several orders of magnitude too small to explain the observed decoupling. Also, blocking the flow path in a torsional oscillator annulus would barely change the helium's contribution to its stiffness, yet nearly eliminated the decoupling 2 . Our observations do not provide an obvious mechanical, non-supersolid explanation 28 of the frequency changes in torsional oscillators.
Our m anomaly and the decoupling seen in torsional oscillator measurements could both be fundamental properties of a supersolid state 29 , in which case it would be natural for them to have a common dependence on temperature, 3 He, and so on. This could be the case if, for example, supersolidity occurs along the cores 13 or strain fields 14 of dislocation networks. Alternatively, the m anomaly could, as we propose, be due to dislocations becoming mobile, which in turn could affect a supersolid response. For example, vortices 30 could be pinned by stationary dislocations but could introduce dissipation and destroy the supersolidity when dislocations begin to move above 100 mK. The decoupling seen in porous media 1 remains a puzzle, as it is hard to imagine dislocations existing, let alone moving, in the 7 nm pores of Vycor glass. The precise connection between our elastic measurements and decoupling of solid helium from torsional oscillators is not certain, but it is clear that the two are closely related and that models of supersolidity should consider the effects of moving dislocations. 
